Artificial photosynthesis (AP) is a promising method of converting solar energy into fuel (H 2 ). Harnessing solar energy to generate H 2 from H þ is a crucial process in systems for artificial photosynthesis. Widespread application of a device for AP would rely on the use of platinum-free catalysts due to the scarcity of noble metals. Here we report a series of cobalt dithiolene complexes that are exceptionally active for the catalytic reduction of protons in aqueous solvent mixtures. All catalysts perform visible-light-driven reduction of protons from water when paired with RuðbpyÞ 2þ 3 as the photosensitizer and ascorbic acid as the sacrificial donor. Photocatalysts with electron withdrawing groups exhibit the highest activity with turnovers up to 9,000 with respect to catalyst. The same complexes are also active electrocatalysts in 1∶1 acetonitrile/water. The electrocatalytic mechanism is proposed to be ECEC, where the Co dithiolene catalysts undergo rapid protonation once they are reduced to CoL 2− 2 . Subsequent reduction and reaction with H þ lead to H 2 formation. Cobalt dithiolene complexes thus represent a new group of active catalysts for the reduction of protons.
electrocatalysis | hydrogen evolution | photocatalysis | redox active ligands C onversion of energy from the sun into chemically stored energy via artificial photosynthesis (AP) represents a promising approach to providing renewable energy needed for global development (1) (2) (3) (4) . In general, systems for AP are designed to split water photochemically, with water oxidation to O 2 and aqueous proton reduction to H 2 . Focusing separately on the oxidative and reductive sides of the water splitting reaction facilitates achieving this goal while allowing individualized approaches for each component. For H 2 generation from aqueous protons driven by light, both a photosensitizer (PS) and a catalyst are needed, while an electron source is required to allow the reductive half-reaction to be studied separately from, and independently of, the oxidative half-reaction. In this context, the design and study of new catalysts that are composed of inexpensive earth-abundant elements are highly desired objectives. Despite extensive investigations and analyses of the components for the reductive side of water splitting, an active and robust system for using the energy from sunlight to drive molecular hydrogen production in water remains a challenge (5) .
Recently, efforts toward new catalyst development have focused on electrocatalysts for proton reduction (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In this regard, some cobaloxime catalysts derived from dimethylglyoxime are active electrocatalytically and operate at particularly low overpotentials (9, 18, 19) . One of these electrocatalysts, CoðdmgHÞ 2 ðpyrÞCl (dmgH ¼ dimethylglyoximate monoanion) has also been found to be active as a hydrogen generating catalyst when combined with a suitable photosensitizer and sacrificial electron donor (6, 10, 20) . In recently reported photochemical H 2 generation, systems containing cobaloxime catalysts have shown considerable activity (21) (22) (23) (24) (25) with turnover numbers (TONs) as high as 9,000 with respect to chromophore (25) (26) (27) . However, one limitation is that the TONs are modest based on catalyst (<300, with TOF <100∕h), and hydrogen production ceases after 6 h of irradiation. With regard to the limited lifetime, the cessation of H 2 production indicated catalyst decomposition, which in turn suggested ligand hydrogenation as a possible decomposition pathway.
One interesting ligand family that is less susceptible to possible hydrogenation is the unsaturated 1,2-dithiolenes. Complexes of dithiolenes were examined initially more than four decades ago regarding their molecular and electronic structures and spectroscopic and physical properties. In the past decade, interest in these complexes has been rekindled by their bonding and magnetic properties as studied with newer methods and better instrumentation, and by the potential use of their delocalized frontier orbitals for multielectron storage in catalysis (28) . Dithiolene complexes exhibit intense colors and reversible electron transfer series having relatively minor structural changes (28, 29) . Based on these properties, we commenced an examination of dithiolene complexes of the 3d transition elements to determine if they would be active as catalysts for the reductive side of water splitting. In an initial disclosure, we reported that (Bu 4 NÞ½CoðbdtÞ 2 (1, where bdt ¼ 1; 2-benzenedithiolate) is an active electrocatalyst and photocatalyst for proton reduction in aqueous/organic media (30) . Complex 1 exhibited high activity (>2; 700 TONs with respect to catalyst and an initial turnover frequency of >800∕h) when paired with RuðbpyÞ 3 2þ as the chromophore and ascorbic acid as the sacrificial electron donor under moderately acidic conditions. In this paper, we describe a family of cobalt dithiolene complexes that possess expanded photocatalytic activity (>9; 000 TONs). The relative activity of the different complexes provides insight into the mechanism of catalysis.
Results and Discussion Scheme 1 shows the structures of the different cobalt dithiolene catalysts examined in the present study. For complexes 1-3, derivatized benzenedithiolate ligands were employed to give a series of catalysts with different electronic properties. The synthesis of these complexes proceeded by deprotonating the corresponding benzenedithiol followed by treatment with cobalt(II) tetrafluoroborate. The resulting deep-blue complexes (1-3) are planar, monoanionic, and paramagnetic (S ¼ 1), and were isolated as their tetrabutylammonium (TBA) salts. The molecular structures of 1-3 were confirmed by single crystal X-ray diffraction (see SI Text for full details and CIF), and the results are in agreement with previous structural reports of these complexes with different noncoordinating cations (28) . Complex 4, ðTBAÞ½CoðmntÞ 2 where mnt ¼ maleonitriledithiolate, is known to reversibly form a dimeric structure in solution, and upon further reduction is reduced from ½CoðmntÞ 2 − to ½CoðmntÞ 2 2− , which is predominantly the monomer (28) . In the present study, 4 is characterized structurally in the solid state as the dimer shown in Scheme 1. The dimeric structure for 4 is similar to those found for other Co bis(dithiolene) monoanions in which the dithiolene is electron withdrawing. The Co-S linkages holding the dimer together are longer than the Co-S bond distances in the CoS 2 C 2 chelate rings, which is consistent with the notion of facile monomer-dimer equilibria in solution (28) .
Complex 1 was previously reported to be an active catalyst for H 2 generation when paired with RuðbpyÞ 2þ 3 as the photosensitizer and ascorbic acid (AA) as the sacrificial electron donor in 1∶1 CH 3 CN∶H 2 O (30). To probe aspects of the catalysis, the complexes 2-4 were examined under conditions for H 2 generation similar to those used for 1, and cyclic voltammograms of the Co dithiolene complexes were measured. Table 1 shows the experimentally determined reduction potentials for the ½CoL 2 − ∕ ½CoL 2 2− couple, which range from −0.04 V to −0.70 V vs. SCE, depending on the electron donating ability of the dithiolene ligand. The mnt complex 4 in monomeric form exhibits the least negative reduction potential, while CoðtdtÞ 2− (2) shows the most negative reduction potential. Complex 4 also exhibits a second reversible redox wave corresponding to the CoðmntÞ In these studies, the production of H 2 was monitored in real time by the pressure change in the reaction vessel and confirmed by GC analysis with a TCD detector. Catalyst 2 is very active, evolving 0.54 mL H 2 ∕hr using 6.5 × 10 −6 M of catalyst ( Fig. 1 ), corresponding to an initial TOF (turnover frequency) of 690 h −1 per catalyst while achieving a TON (turnover number) of 2,300 after 20 h. However, this is slightly less active than the results previously reported for 1, which exhibited a TOF of 880 h −1 with a TON of 2,700 after 12 h. The dependence of rate on catalyst concentration shows that the process is first order with respect to 2, which is in accord with what has been reported before for the bdt catalyst 1. and 0.1 M ascorbic acid at pH 4.0 (1∶1 CH 3 CN∶H 2 O). Again, hydrogen evolution is dependent on catalyst concentration. At higher catalyst concentrations more H 2 is evolved, indicating that hydrogen evolution correlates directly with catalyst concentration similar to the other Co dithiolene-containing systems (see SI Text). The CoðmntÞ − 2 catalyst 4 achieves the highest activity of the dithiolene complexes, achieving a total TON of approximately 9,000 (measured with respect to cobalt), with an initial turnover frequency up to 3450 h −1 . This level of activity places 4 among the most active H 2 generating catalysts reported (26, 30, 31) . The systems remain active for 6-10 h before decomposition of catalyst and chromophore contribute to a gradual decrease in hydrogen evolution. While system activity declines dramatically during photolysis, at higher catalyst concentrations H 2 is still evolved after 20 h. In general, total system cessation is observed after 24 h of irradiation.
Mechanism of Photocatalysis. In the photochemical system catalyzed by 1, reductive quenching was proposed to be the predominant photochemical step in which AA quenches excited *RuðbpyÞ (32) , it is thermodynamically capable of reducing each of the Co dithiolene complexes to the dianionic complex (16) . Thus, a reductive quenching pathway appeared consistent with the results reported here for catalysts 2-4. However, the possibility that catalyst complexes 2-4 are directly reduced by the excited state of RuðbpyÞ 2þ 3 was examined directly. We have previously noted that 1 does indeed quench *RuðbpyÞ i pc value was taken at top of catalytic wave. 
× 10
10 M −1 s −1 (30) . We find that complexes 2-4 also quench *RuðbpyÞ 2þ 3 following good Stern-Volmer behavior with quenching rate constants that are near the diffusion limit, ranging from
However, while the rate constants for quenching *RuðbpyÞ with Co bis(dithiolene) catalysts are two orders of magnitude larger than that for ascorbic acid (k q of ascorbic acid (30), reductive quenching by ascorbic acid has a faster rate in the systems under study here because of the much larger concentration of AA (0.1 M) relative to that of catalyst (5 × 10 −6 M). Therefore, our evidence indicates that the initial photochemical step is most likely the formation of reduced RuðbpyÞ þ 3 using electrons from AA. Based on the photochemical data described above, it can be concluded that there is a correlation of H 2 generating activity and ligand electronic effects for the Co dithiolene catalysts. Specifically, the complexes with the more electron withdrawing subtituents and therefore the more positive reduction potentials for CoL are the more active catalysts. On a TOF basis, the activity order is 4 > 3 > 1 > 2 with CoðmntÞ − 2 being the most active. The results thus indicate that it is not the reducing power of the CoL 2− 2 complex that is the key determinant in its catalytic activity. It was therefore of interest to examine aspects of this conclusion using these complexes as electrocatalysts for H þ reduction. To date, most of the well-studied electrocatalysts for proton reduction and H 2 generation operate in nonaqueous media with the proton source being added acid. In contrast, photochemical efforts on the reductive side of water splitting have generally been conducted in aqueous or aqueous/organic media (33) (34) (35) (36) 
generation in both dry CH 3 CN and aqueous organic solutions.
Electrocatalysis for H 2 Generation. Fig. 4 shows cyclic voltammograms of complex 3 after successive additions of trifluoroacetic acid (TFA). In contrast to catalyst 1, where the onset of a catalytic wave grows directly at the same potential as the reversible couple for CoðbdtÞ Fig. 5 shows the cyclic voltammograms of catalyst 4 in CH 3 CN upon the addition of TFA. It is also important to mention that although catalyst 4 crystallizes as dianionic dimer, it is in equilibrium with the monoanionic monomer in solution (28) . When reduced (at −0.04 V vs. SCE) the complex exists entirely as the dianionic monomer (similar to the benzenedithiolate derivatives). Although catalyst 4 is the most easily reduced to the dianion (−0.04 V vs. SCE), the onset of a catalytic wave occurs at the most cathodic potential (−1.4 V vs SCE) compared to the other dithiolene catalysts (see Table 1 ). Hence, the most active photocatalyst (4) operates as an electrocatalyst at the least favorable (most negative) potential. In contrast, within the group of benzenedithiol (bdt) derivatized complexes (1-3), the most active photocatalyst is the complex that functions as an electrocatalyst at the least negative (cathodic) potential. Despite the apparent inconsistency with the results for 3 and 4 as electrocatalysts, the results indicate that the path to H 2 formation must proceed through reduction of the monoanionic Co bis dithiolene catalyst to the dianion.
In both 3 and 4, the new wave appears in the potential range where the anion has been reduced to the dianion, and appears only upon addition of acid. This suggests an ECEC mechanism (Scheme 2). After reduction of the bis(dithiolene) complex CoL − 2 to the dianion, the catalytic intermediate is rapidly protonated, after which a second reduction occurs. In a final step that is not observed directly, reaction with H þ gives H 2 and the initial catalyst CoL − 2 . The electrocatalytic activity of the Co dithiolene complexes 2-4 was also examined in the aqueous solvent mixtures used for the photogeneration of hydrogen. All of the complexes are active as electrocatalysts in 1∶1 CH 3 CN∶H 2 O (see SI Text). Fig. 6 shows cyclic voltammograms of 3 in this solvent mixture after the addition of 0.1 M TFA. A large current enhancement is observed at a potential that is more negative than the reversible redox couple for CoL − 2 ∕CoL 2− 2 , as with the catalyst in pure CH 3 CN. This observation is consistent with the conclusion that the Co dithiolene catalysts operate via an ECEC mechanism embodied in Scheme 2 with initial reduction to CoL 2− 2 , followed by protonation and subsequent reduction. It is reasonable that the potentials are more negative in aqueous solution, because the acidity of the TFA is decreased by the additional water.
Differences Between Photocatalytic and Electrocatalytic Hydrogen
Generation. The photocatalytic and electrocatalytic data for hydrogen generation indicate a difference in the relative order of activity of complexes for photocatalysis vs. electrocatalysis. Specifically, though catalyst 4 is most active photocatalytically, it exhibits the most negative (cathodic) catalytic wave electrochemically. The activity of an electrocatalyst is most commonly measured in terms of the overpotential at which it operates (17) . For 4, the overpotential is the largest of the four Co dithiolenes considered in this study. On the other hand, the three derivatized benzenedithiolate complexes exhibit the same ordering for both photochemical and electrochemical activity. The difference between 1-3 and 4 is likely the result of a difference in electronic structure of the CoL 2− 2 complexes, which in turn may lead to a difference in the site of protonation and the consequent reduction potential of the catalytic wave. Hence, the very different potentials in Figs. 4 and 5 for reduction of CoHL − 2 may represent redox processes for species that are structurally different by virtue of being protonated at different sites. Support for this view comes from previously reported electronic structure calculations. For CoðmntÞ 2− 2 , the frontier metal and ligand based orbitals have very similar energies, suggesting that protonation may take place at either the metal center or the ligand (29, 37, 38) . In contrast, the HOMO for CoðbdtÞ 2− 2 derivatives have only 29% ligand character, thereby favoring protonation at the metal center (39) . So far, direct observation of the key protonated species CoHL − 2 for L ¼ mnt and Cl 2 bdt has not been achieved.
The order of photocatalytic hydrogen production activity for the Co dithiolene catalysts is 4 > 3 > 1 > 2. This ordering correlates with the CoL step. The turnover limiting step in the photochemical system must also be different from that in the electrocatalytic system because of differences in the activity of 4 relative to the other catalysts. One step that correlates with the observed order of reactivity in the photochemical system is the reduction of the Co dithiolene monoanion to the dianion. Since the driving force for electron transfer from the reduced photosensitizer RuðbpyÞ
to CoL − 2 correlates with the H 2 generation activity, our results suggest that this electron transfer may be turnover limiting. However, the possibility that the turnover limiting step involves a heterolytic hydrogen elimination (involving the more hydridic CoH and the SH proton) is also an explanation for the observed trend in reactivity. In this case, the electron withdrawing groups would result in a more acidic SH proton, resulting in a larger driving force for H 2 elimination. This explanation would be similar to what has been observed for recent nickel catalysts (40) .
Conclusions
The cobalt dithiolene complexes presented in this work are active for the photocatalytic and electrocatalytic reduction of protons with impressive TONs and TOFs in aqueous/organic media. The photocatalytic mechanism is most likely to proceed through a reductive quenching pathway in which *RuðbpyÞ 2þ 3 reacts with ascorbic acid to form RuðbpyÞ 
Materials and Methods
Materials. 1,2-Benzenedithiol, 3,6-dichlorobenzenedithiol, sodium maleonitriledithiolate, toluenedithiol, cobalt(II) tetrafluoroborate hexahydrate, ½RuðbpyÞ 3 Cl 2 , potassium tert-butoxide, and tetrabutylammonium bromide were purchased from Aldrich and used without further purification. Catalyst 1 was synthesized according to a literature procedure (30) .
Synthesis of NBu 4 ½CoðtdtÞ 2 (2). The procedure was adapted from previously reported methods (41) . In a Schlenk flask, CoðBF 4 Þ 2 • 6H 2 O (277 mg, 0.81 mmol) and KO t Bu (333 mg, 3.0 mmol) were dissolved in 30 mL of dry MeOH under an N 2 atmosphere and allowed to stir at room temperature for 30 minutes. To this solution, a degassed mixture of toluenedithiol (277 mg, 1.67 mmol) in MeOH (5 mL) was added dropwise. The solution was stirred for 4 h at room temperature while the color darkened to deep blue. To this solution, a solution of NBu 4 Br (395.7 mg, 1.23 mmol) in 3 mL of MeOH was added, and the solution was allowed to stir at room temperature overnight. The solvent volume was reduced under vacuum to approximately 10 mL, and a dark blue precipitate formed. The solid was collected and recrystallized from a layered dichloromethane/ether mixture to yield 2 as a blue crystalline solid (312 mg, 0.51 mmol, 63% yield). Crystals for X-ray diffraction were grown by layering diethyl ether over a dichloromethane solution of 2. 3 , and CH 3 CN were added to obtain a total volume of 2.5 mL. To this solution, 2.5 mL of a 0.2 M stock solution of aqueous ascorbic acid (adjusted to a specific pH by adding NaOH and measured with a pH meter) was added, giving a total volume of 5.0 mL. The samples were placed into a temperature controlled block at 15°C and sealed with an airtight cap fitted with a pressure transducer and a septum. The samples were then degassed using a mixture of 20% CH 4 in N 2 , with the CH 4 being used later as an internal reference for GC analysis. The cells were irradiated from below with high-power Philips LumiLEDs Luxeon Star Hex green (520 nm) 700 mA LEDs. The light power of each LED was set to 0.15 W and measured with an L30 A Thermal sensor and Nova II power meter (Ophir-Spiricon LLC). The samples were swirled using an orbital shaker. The pressure changes in the vials were recorded using a Labview program from a Freesale semiconductor sensor (MPX4259A series). After irradiation, the headspaces of the vials were sampled by GC to ensure that pressure increases were due to H 2 evolution and to confirm the amount of H 2 evolved.
Cyclic Voltammetry. Cyclic voltammetry (CV) measurements were performed with a PAR 263 A potentiostat/galvanostat cycling at various scan rates, using a one-compartment cell with a glassy carbon working electrode, Pt auxiliary electrode, and a silver wire pseudoreference. Ferrocene was used as an internal standard for all electrochemical experiments. The electrolyte for electrochemistry in 1∶1 CH 3 CN∶H 2 O was 0.1 M KNO 3 , and in CH 3 CN was 0.1 M tetrabutylammonium hexafluorophosphate. Due to the air sensitive nature of the complexes, a blanket of Ar was used during the experiments.
Controlled-Potential Coulometry. A custom-built, airtight electrochemical cell was used. The working electrode and auxiliary electrode were in separate chambers, separated from the solution using Vycor frits. The solution was degassed with N 2 , and CH 4 was added as an internal reference. A solution of p-toluenesulfonic acid (65 mM) in 0.1 M KNO 3 in 1∶1 CH 3 CN∶H 2 O was electrolyzed with 0.2 mM catalyst for 1 h at −1.0 V vs. SCE. Aliquots of the headspace were sampled at different times during the electrolysis time, and analyzed by GC using a TCD detector. This analysis gave a Faradaic yield greater than 95%. No hydrogen evolution is observed for catalysts 1-4 if the coulometry is carried out at potentials that are more positive than −0.5 V vs. SCE. This is inconsistent with a catalytic reaction at this potential that is too slow to be detected by cyclic voltammetry.
Determination of pH in Mixed Solvent Systems. All pH values reported in the manuscript were determined by measuring the pH of an aqueous solution before adding acetonitrile (referred to as w w pH) (42) . The pH of the 1∶1 CH 3 CN∶H 2 O mixture can also be measured directly to give a value for s w pH. By using a previously outlined procedure (42) Systems with Ascorbic Acid Sacrificial Donors. When using ascorbic acid as a sacrificial donor, the net reaction being driven photochemically can be expressed by the following equation:
The formation of A and H 2 from ascorbic acid has been determined to be thermodynamically unfavorable by 0.41 V at pH 4 (32, 43) . Thus, photocatalytic H 2 generation from AA represents a photochemically driven upconversion of approximately 20 kcal∕mol (43) .
